We sought to determine the role of ovarian vascularity and neo-angiogenesis in the development of mature follicles in polycystic ovary syndrome (PCOS) and to identify any changes induced by low-frequency electro-acupuncture (EA). Twenty-eight 21-day-old female Wistar rats were randomly divided into four groups-Control, Obesity, PCOS-like, and PCOS-like-EA (n = 7/group). Rats in the Obesity group were fed a high-fat diet throughout the experiment. Rats in the PCOS-like and PCOS-like-EA groups were implanted with a sustained-release tube containing 5α-dihydrotestosterone (DHT) beneath the skin of the neck. Rats in the PCOS-like-EA group received low-frequency EA treatment starting at 70 days for 30 min five times a week for four weeks. At the end of the experiment, all rats were euthanized and perfused with hydrogel. The ovaries were collected for clarification and imaging, and ovarian vascularity and neo-angiogenesis were analyzed. Compared with Control and Obesity rats, the ovaries in DHT-induced PCOS-like rats were smaller in size and had fewer mature follicles and corpora lutea. EA increased angiogenesis in the antral follicles of PCOS-like rats, which in turn promoted follicle maturation, ovulation, and CL formation. Therefore, endogenous ovarian angiogenesis plays a very important role in follicular maturation and might be one of the peripheral and direct mechanisms of EA on PCOS.
Introduction
Polycystic ovary syndrome (PCOS) is a complex endocrine and metabolic syndrome in women of reproductive age with an incidence rate of about 3-26% [1] [2] [3] . The 2004 Rotterdam Criteria suggest that PCOS should be diagnosed by at least two of the following three criteria: oligo/anovulation, clinical or biochemical hyperandrogenism, and polycystic ovaries by ultrasound. In 2012, the Androgen Excess
Results

Pathological Manifestations in DHT-Induced PCOS-Like Rats and the Effect of EA
After implantation of DHT, the PCOS-like and PCOS-like-EA rats developed obvious PCOS-like features. As shown in Figure 1A , three representative graphs of oestrous cycles in each group are shown. Although compared with the Control group, the proportions of rats with diestrus phase in the PCOS-like and PCOS-like-EA groups were significantly increased, 85% of the rats in the PCOS-like-EA group had restored oestrous cycles. We analyzed the oestrous cycle ( Figure 1B ) and the proportions in each phase of the oestrous cycle in the Control and Obesity groups showed that these rats had regular 4-or 5-day cycles. However, the PCOS-like rats remained mostly at the diestrus or metestrus stages.
Compared with the PCOS-like group, the proportion of rats in the diestrus stage in the PCOS-like-EA group was significantly decreased from 90 to 70%. In addition, hematoxylin and eosin staining showed that the ovaries in PCOS-like rats were smaller compared to the Control and Obesity groups, with fewer mature follicles and CL. Compared with the PCOS-like group, ovaries of the PCOS-like-EA group were larger, with more preovulatory follicles and CL ( Figure 1C ). Taken together, these results indicated that EA could partially restore ovarian morphology and function in PCOS-like rats.
Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW 3 of 14 rats had regular 4-or 5-day cycles. However, the PCOS-like rats remained mostly at the diestrus or metestrus stages. Compared with the PCOS-like group, the proportion of rats in the diestrus stage in the PCOS-like-EA group was significantly decreased from 90 to 70%. In addition, hematoxylin and eosin staining showed that the ovaries in PCOS-like rats were smaller compared to the Control and Obesity groups, with fewer mature follicles and CL. Compared with the PCOS-like group, ovaries of the PCOS-like-EA group were larger, with more preovulatory follicles and CL ( Figure 1C ). Taken together, these results indicated that EA could partially restore ovarian morphology and function in PCOS-like rats. Ovaries began to become transparent after 8-12 weeks passive clearing (Figure 2A ), and this allowed us to calculate the numbers of different kinds of follicles and their proportions ( Figure 2B ). As shown in Figure 2C , there were about 25 preovulatory follicles per ovary in the Control group and about 20 preovulatory follicles per ovary in the Obesity group, but none in the PCOS group (p < 0.05 compared with the Control group). After 4 weeks of EA treatments ( Figure 2C,D) , there was an average of 25 follicles per ovary in the PCOS-like-EA group (p < 0.05 compared with the PCOS-like group). There were about three CL in the Control group and Obesity group, 0 in the PCOS-like group (p < 0.01 compared with the Control group), and 2 in the PCOS-like-EA group (p < 0.01 compared with the PCOS-like group).
The ratios of different kinds of follicles to total follicles were also analyzed ( Figure 2E ,F). The proportions of preovulatory follicles in the Control and Obesity groups were on average 0.25% of the total follicles, while the proportion in the PCOS-like group was 0%. After EA treatment, the proportion of preovulatory follicles in the PCOS-like-EA group reached 0.25%, which was the same as the Control group and was significantly higher than that of the PCOS-like group (p < 0.05). Only about 0.03% of the total follicle population consisted of CL in the Control and Obesity groups, and no CL were seen in the PCOS-like group. The proportion of CL increased to 0.02% in the PCOS-like-EA group, which was obviously higher than the PCOS-like group (p < 0.01). Thus we conclude that EA can promote follicular maturation and ovulation in DHT-induced PCOS-like rats.
EA Promotes Angiogenesis in PCOS-Like Ovaries
Platelet endothelial cell adhesion molecule 1 (PECAM-1, CD31) was used to show ovarian vascularity, and proliferating cell nuclear antigen (PCNA) was used to specifically mark neovascularity ( Figure 3A) . The Imaris filament algorithm was used to reconstruct and quantify the vasculature. As shown in Figure 3B , the vasculature of the Control and Obesity groups was very dense, but the branches and density of the blood vessels as well as neovasculature in the PCOS-like group were significantly reduced compared to the Control group. After EA treatment, both the density of blood vessels and the density of the neovasculature were increased. As shown in Figure 4 , the diameter, length, surface area, and volume of the neovasculature were all significantly decreased in both the PCOS-like and the PCOS-like-EA groups compared with the Control group. However, after the EA treatments, the length, surface area, and volume of neovascularity were significantly increased in the PCOS-like-EA group compared to the PCOS-like group. Ovaries from rats in the different groups after CLARITY processing and immunostaining using specific antibodies followed by data transformation using the Imaris Spot algorithm. Upper panels: 3D rendering of whole ovary images; middle panels: digital slices showing follicles at individual planes; lower panels: Data transformation into spot graphs following the identification of follicles using specific markers. Background staining using tyrosine hydroxylase antibodies provided outlines for the identification of all follicles. Red spots represent preovulatory follicles. CL, corpus luteum. Ovaries from rats in the different groups after CLARITY processing and immunostaining using specific antibodies followed by data transformation using the Imaris Spot algorithm. Upper panels: 3D rendering of whole ovary images; middle panels: digital slices showing follicles at individual planes; lower panels: Data transformation into spot graphs following the identification of follicles using specific markers. Background staining using tyrosine hydroxylase antibodies provided outlines for the identification of all follicles. Red spots represent preovulatory follicles. CL, corpus luteum. Ovaries from rats from different groups after CLARITY processing and immunostaining using specific antibodies, followed by data transformation using the Imaris Filament algorithm. First row: 3D rendering of whole ovary images; second row: vasculature and neovasculature within the ovaries; third row: vasculature within each ovary; fourth row: neovasculature in each ovary. 
EA Promotes Antral Follicle Maturation through Their Surrounding Neovasculature
Antral follicles are a critical step in the development of mature follicles. Therefore, we selected 10 antral follicles from the four groups to analyze the surrounding neovasculature. As shown in Figure 5A , the density of the neovasculature surrounding the antral follicles of the PCOS-like group was decreased compared with the other three groups. After the EA treatment, the neovasculature in the ovaries of the PCOS-like-EA group was denser than in the PCOS-like group. We further quantified the diameter, length, surface area, and volume of the neovasculature. As shown in Figure  5B , after the EA treatment, the surface area and volume of the neovasculature around the antral follicle in the PCOS-like-EA group was significantly greater than in the PCOS-like group. These data suggested that EA could directly affect the neovascularity surrounding the antral follicles under PCOS conditions. 
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In the present study, we investigated the effect of ovarian vascularity on follicular maturation in a PCOS-like rat model and explored the possible mechanisms of EA. We found that DHT-induced 
In the present study, we investigated the effect of ovarian vascularity on follicular maturation in a PCOS-like rat model and explored the possible mechanisms of EA. We found that DHT-induced PCOS-like rats exhibited disrupted follicular development and anovulation that were associated with alterations in the size and number of local blood vessels and the neovascularity surrounding the follicles. Low-frequency EA at the "Sanyinjiao" (ST29) and "Guilai" (SP6) acupoints directly promoted ovarian angiogenesis and neovascularity surrounding the antral follicles and partly restored ovulation.
PCOS is a complex of endocrine and metabolic disorders of uncertain aetiology in women of reproductive age [1] , and it is characterized by chronic anovulation and hyperandrogenism as well as an increase in the numbers of abnormal antral follicles [2] . Acupuncture, as a natural therapy, has a long history in the treatment of gynaecological disorders in China, and in some Western countries acupuncture has been used to treat female reproductive system diseases since the end of the last century. Acupuncture has been shown to exert effects through the hypothalamic-pituitary-ovary axis [12] through central regulation of the neuroendocrine system [19] and through direct effects on the ovaries [20] , adrenal glands [21] , fat tissue [22] , and muscles [23] . Our studies and others have shown that 3-5 treatments with low-frequency EA partially restores the oestrous cycle in DHT-induced PCOS-like rats [19] and that low-frequency EA (2 Hz, 3 mA/6 mA, 1 min) can significantly increase the ovarian blood flow velocity in PCOS-like rats, which can be maintained for 5-10 min after EA [20] . This suggests that EA can promote follicular development and ovulation in PCOS patients via both direct and indirect pathways.
Along with the animal experiments in treating PCOS with EA, we have carried out EA treatments on women with PCOS in the clinic. Considering the time and monetary cost, clinical trials have usually been designed as 30 min per treatment, twice a week for the first two weeks and then once a week for the remaining treatment, for a total of 10-14 treatments, and such treatments have an ovulation success rate of about 38% [24] . In a recent multicenter double-blind randomized controlled clinical trial, active EA treatment in 250 patients with PCOS also involved EA for 30 min per session, twice a week, with the longest treatment being 32 weeks [18] . The efficacy of treatment is closely related to the frequency of treatment, and if more intensive treatment is available the effect of EA might be faster and more consistent.
We did not use transcutaneous electro-acupuncture stimulation (TEAS) in patients with PCOS so as to compare TEAS with EA, but TEAS has been used in relieving pain [18] , helping with withdrawal from smoking and drugs [25] , and preventing vomiting after chemotherapy [26] , and it has been shown to act mainly on the opioid systems. PCOS, as a complicated endocrine and metabolic syndrome, requires the activation and coordination of multiple targets and multiple systems. Low-frequency EA has been shown to regulate the hypothalamus-pituitary-ovary axis, to restore steroid balance, to increase insulin sensitivity, and to modulate the stimulated sympathetic nervous system. In our previous studies, we compared the effect of 2 Hz EA with 100 Hz EA [20] and the effect of different groups of acupoints [24] . The results of those studies suggest that the parameters in the present study were specific for ovulation in patients with PCOS. Therefore, the professional diagnosis and treatment of PCOS is desirable.
Some studies have investigated the role of vascular-related factors in PCOS patients [27] . Abnormal expression of multiple vascular growth factors has been seen in the ovaries of PCOS patients, and VEGF, angiopoietin-1 and 2 [28] , PDGF [29] , TGF-β, and bFGF are all involved in the pathophysiology of PCOS [7] . In PCOS patients, hyper-vascularized and excessive blood vessels are seen in the membrane cell layer and in the interstitium of ovarian cystic follicles [8, 9] . The expression of VEGF is also significantly increased in the follicular stroma of PCOS patients [10] . When a VEGF trap (a VEGF antagonist) was administered to a normal female rhesus monkey in the middle of the follicular phase, ovulation was delayed. This led to the development of antral follicles, and the process of atresia was very similar to the pathological mechanism of PCOS [30] . In the DHEA-induced PCOS rat model, the levels of VEGF in the circulation and ovary are increased, but the expression of the VEGF receptor FLK1 is significantly lower than that of the control group. If rats are given an inhibitor of VEGF, they have reduced numbers of cystic follicles [11] . These results indicate that cystic follicles will form when VEGF family enzymes, and thus angiogenesis, are dysfunctional.
Our study used DHT (a non-aromatized androgen that excludes the effect from endogenous oestrogen) to induce PCOS symptoms, and we showed increased numbers of cystic follicles with low vascularity and reduced neovascularization surrounding the follicles, which indicated disorders in angiogenesis and developing follicles in the ovaries of PCOS-like rats. However, there have been contradictory results with hyper-vascularization in PCOS patients due to low oestrogen and progesterone when modelling, and thus the specific mechanism behind such effects needs to be further studied. The two-dimensional histologic sectioning used in traditional morphologic studies destroys the integrity of the vascular network, and thus it has been difficult to describe and analyze the relationship between ovarian vascularity and follicular development. In 2013, Karl Deisseroth of Stanford University developed a new experimental method called CLARITY [31] , which uses the chemical transformation of intact biological tissues into a hydrogel-tissue hybrid that is amenable to light microscopy and the use of macromolecular labels while retaining the fine tissue structures and native biological molecules [32] . The method allows the use of immunofluorescence and in situ hybridization to label protein and nucleic acid targets after the tissue becomes transparent. Confocal microscopy and 3D analysis software can then be used to observe and analyze the target tissues and to study the complex forms and relationships between intact tissues. CLARITY thus has significant advantages for analyzing and quantifying ovarian vascularity compared to traditional two-dimensional histologic sections.
In this work, we used the CLARITY method to reconstruct the vasculature and neovasculature in whole ovaries as well as the specific follicles. The length, surface area, and volume of the vasculature and neovasculature were increased in PCOS-like rats by EA treatment along with increased numbers of mature follicles and CL (Figure 4) . The key stage of follicular development is the antral follicle, and this is where major pathological changes are seen in PCOS patients. Thus we used the Crop 3D tool in the Imaris software to reconstruct the neovasculature around the antral follicles in the four groups of rats. Antral follicles can be divided into eight developmental stages. When the diameter of a follicle reaches 15-25 mm, it is considered to be in the eighth stage of follicle development and is referred to as a preovulatory follicle (mature follicle). As shown in Figure 5B , after the EA treatment the surface area and volume of the neovasculature around the antral follicles in the PCOS-like-EA group were both significantly increased compared to the PCOS-like group, which indicated that EA had a direct effect on the neovasculature surrounding the antral follicles and promoted its development and maturation. These results provide more evidence for the potential effectiveness of EA in treating PCOS.
Materials and Methods
Animals
Female Wistar rats (aged 3 weeks, Shanghai SLAC Laboratory Animal Co. Ltd., Shanghai, China) were housed under controlled conditions (21-22 • C, 55-65% humidity, 12 h light/12 h dark, and free access to food and water). All rats were randomly divided into four groups (Control, Obesity, PCOS-like, and PCOS-like-EA, n = 7/group). The Control, PCOS-like, and PCOS-like-EA groups were fed with normal chow (Shanghai SLAC Laboratory Animal Co. LTD, Shanghai, China), while the Obesity group was fed a high-fat chow containing 60% fat, 20% carbohydrates, and 20% protein (Open Source Diet, New Brunswick, NJ, USA). The use of animals and the experimental design were approved by the Animal Ethics Committee, School of Basic Medical Sciences of Fudan University, China (ID: 20160225-013, approval date: 25 February 2016).
Establishment of the PCOS-Like Rat
Based on the results of our preliminary experiments, silicone tubes with DHT (15 mg, slow releasing for 75 days, 1 cm length, 2 mm diameter) were implanted subcutaneously into the neck of the PCOS-like and PCOS-like-EA groups. Rats were anaesthetized with isoflurane, the flabby skin of the neck was separated, the tube was carefully imbedded, and the wound was sutured. Body weight, vaginal opening, and oestrus cycle were checked daily and recorded throughout the experiment.
Low-Frequency EA
Rats in the PCOS-like-EA group were treated with low-frequency EA from Monday to Friday for 4 weeks (for a total of 20 treatments). Under short anaesthesia, rats were inserted with single-use sterile acupuncture needles (Suzhou Shenlong Medical Apparatus Co., Ltd., Suzhou, China) into the bilateral acupoints "Guilai" (ST29) and "Sanyinjiao" (SP6). Handmade restraints were used to hold the rats in place and to maintain their posture. Acupuncture needles were inserted to a depth of 0.5-0.8 cm in the posterior part of the medial tibia for SP6 and in the bilateral part below the umbilical for ST29. The needles were attached to an electrical stimulator (HANS-LH202, Huawei Co., Ltd., Beijing, China). The treatment duration was 15 to 20 min during the first week and 30 min for the remaining treatments. The parameters for the EA treatment were 2 Hz at 2-3 mA.
CLARITY Approach
Rats were anesthetized i.p. with 2% sodium pentobarbital (30 mg/kg body weight, Sigma, Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). We first perfused the rats with 200 mL ice-cold 1× PBS (Invitrogen GIBCO), followed by 200 mL of ice-cold hydrogel solution with 4% (weight/volume) paraformaldehyde (Rongbai Biologic Technology Co., Shanghai, China), 4% acrylamide (Sigma), 0.05% bis-acrylamide (Bio-Rad Laboratories, Hercules, CA, USA), 0.25% VA-044 (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and 0.05% saponin (Sigma) in 1× PBS. After perfusion, the ovaries were extracted and immersed immediately into 10 mL hydrogel. The reaction tubes were placed at 4 • C for 3-day post-fixation, after which the oxygen was removed and the tissues were incubated for 3 h at 37 • C to polymerize the hydrogel. Hydrogel-embedded samples were then transferred into 10 mL of the clearing solution (200 mM boric acid and 4% (wt/vol) sodium dodecyl sulphate (SDS) (Sigma) dissolved in distilled H 2 O, with the addition of NaOH (EMD) to adjust to pH 8.5). The clearing solution was replaced 2-3 times/week. The rat ovaries gradually became transparent after 8-12 weeks of passive clearing on a shaking table inside a 37 • C incubator.
Immunofluorescence Staining
Cleared ovaries were transferred to 10 mL 1× PBST (PBS with 0.1% Triton-X100) for 1 day to remove the residual SDS. Samples were then incubated with primary antibodies (tyrosine hydroxylase 1:100 dilution, ab76442, Abcam; platelet endothelial cell adhesion molecule 1 (PECAM-1, CD31) 1:20 dilution, ab119339, Abcam; and proliferating cell nuclear antigen (PCNA) 1:50 dilution, ab18197, Abcam) for 3 days, washed in 1× PBST for 1 day, and incubated with secondary antibodies (Alexa Fluor 488 and Alexa Fluor 594 IgG, Sigma-Aldrich, Steinheim, Germany) for another 3 days in the dark. Three hours before scanning, the samples were incubated in sRIM solution (70% sorbitol in 2× PBS with 0.2% sodium azide) to correct the refractive index. All procedures were conducted at 37 • C with shaking.
Digital Imaging and Data Analysis
A Lightsheet Z.1 confocal microscope (Zeiss, Oberkochen, Germany) was used to collect raw images. For each imaging, one ovary was stuck on the connecting holder with glue. A 5× objective lens was set up, and the working distance was 3 mm. In the "Z-stack" tool, we could set the Z-axis of the ovary, and the "Multiview-Setup" tool was used for setting the X-axis and Y-axis. In order to get a better-quality image, the overlap parameter was set at 20%. After scanning, the data were saved as CZI format. Arivis software (Arivis AG, München, Germany) was used to compress the data and transform it into TIFF format, and Imaris software (v.8.0, Bitplane, Zurich, Switzerland) was used to analyse and reconstruct the digital images. The identity of the follicles was determined using the Imaris spot algorithm semi-manually, and the filament algorithm was used to reconstruct the shape of the vasculature [6] .
Data Analysis
Statistical analysis was performed in GraphPad Prism (v7.0a, GraphPad Software, Inc., San Diego, CA, USA). One-way ANOVA with post-hoc Tukey's test was used for calculating significance between groups. All data are represented as the mean ± standard error of the mean, and p < 0.05 was considered to be statistically significant.
Conclusions
In conclusion, the present study suggests that the follicular dysplasia seen in PCOS patients and the possible peripheral mechanism of EA might be highly related to ovarian angiogenesis. In the future, we will focus on the specific mechanisms of cytokines and signal transduction pathways induced by EA for improving angiogenesis and the potential for combining EA with other angiogenic treatments for PCOS.
